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Abstract—The structure and mechanical properties of austenitic high-nitrogen steel (16.5 Cr, 18.8 Mn,
0.07 C, 0.53 N, 0.52 wt % Si, Fe for balance) have been investigated after severe deformation–heat treatment,
which has involved shock surface forging at the ultrasonic frequency (USF) and electron-beam heat treat-
ment (EBT). A subgrain structure hardened by CrN nanoparticles has been shown to form in the surface layer
as a result of deformation–heat treatment. No discontinuous decomposition of austenite with the formation
of Cr2N nitrides takes place. This structure modification in the surface layer enhances the strength properties
of the steel, namely, σ0.2 increases to 712 MPa and σu to 923 MPa at a plasticity of 25%. The yield strength
increases by 50% compared to the state after quenching.
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INTRODUCTION
Austenitic stainless Сr–Mn–N steels with low

stacking fault energy (SFE) are best hardened by cold
plastic deformation. Therefore, a great interest in the
study of deformation mechanisms, mechanical prop-
erties, and structural transformations that occur in
these steels during different deformation treatments is
natural [1–12]. The deformation-induced hardening is
more effective than precipitation hardening [12‒14].
The aging of high-nitrogen steels after quenching,
similarly to cold-deformed steels, involves the decom-
position of austenite and formation of CrN and Cr2N
chromium nitrides. The hardening of steels depends
on the properties of nitrides, their morphological fea-
tures, volume fraction, size, distribution in austenite,
and their relation with the matrix. Aging has no signif-
icant effect on the strength properties of steels [13].
However, as shown in [1], the additive contribution of
deformation-induced and precipitation hardening
during warm rolling permit us increasing the strength
properties, while maintaining satisfactory plasticity.

CrN and Cr2N nitrides have FCC and HCP lat-
tices, respectively. The microhardness of CrN is less
than that of Cr2N, namely 10.8 GPa and 15.7 GPa
according to some data [15, 16] and 18.0 GPa and
29.5 GPa according to other data [17], respectively,
given close values of elastic moduli (319.8, 310 GPa)
[15, 16]. This results in a higher brittleness of Cr2N;
therefore, aging with the formation of CrN is prefera-

ble to the precipitation of Cr2N nitrides. The mor-
phology of the aging-induced nitrides is also different.

Discontinuous decomposition of austenite pro-
duces Cr2N plates mainly at grain boundaries [13, 18].
They form due to the diffusion of alloying elements
along grain boundaries [14]. Austenite decomposition
and the formation of Cr2N nitrides in a defective
structure containing deformation twins and slip bands
can occur via a continuous mechanism [14].

CrN particles have a shape close to globular and
they form only by the continuous mechanism. CrN
nitride was noted to be unstable and transformed into
Cr2N nitride when the aging time increases [19].

The structure and mechanical properties can be
improved by controlling precipitation hardening
mechanisms and the type of nitrides that are formed.
Solving this task using traditional heating or thermo-
mechanical processing techniques is difficult. First,
the technological difficulties of cold or warm rolling,
especially for large-sized billets, cause problems. Sec-
ond, the low heating rate during warm rolling or fur-
nace heating after cold rolling are unable to prevent
the CrN → Cr2N nitride transformation, which
reduces both the strength and ductility properties.

We believe that a hardening treatment that com-
bines severe cold deformation of only the surface layer
of high-nitrogen steel and subsequent high-rate heat
treatment is more promising. This work focuses on the
1024
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Table 1. The chemical composition of the steel

Composition Cr Mn Si Ni C N P S Fe

wt % 16.50 18.81 0.52 0.24 0.07 0.53 0.01 0.001 Balance
mechanical properties and structure formed during
deformation–heat treatment, due to which hardening
is achieved by the additive effect of deformation and
precipitation hardening mechanisms.

EXPERIMENTAL
The chemical composition of the Cr–Mn–N steel

is shown in Table 1. The steel was melted under equi-
librium conditions in a 50 kg laboratory induction fur-
nace with chromium–magnesite lining. After water
quenching from 1100°C, the steel had a single-phase
austenitic structure with an average grain size of 40 μm
and contained no insoluble nitride phases. The surface
of the steel plate with a thickness of 10 mm, a width of
20 mm, and a length of 100 mm was ground and pol-
ished with diamond pastes beforehand. This surface
was then severely deformed by forging with strikers at
ultrasonic frequency, i.e., ultrasonic forging (USF).
USF of the surface was carried out using a UZG 06/27
ultrasonic generator (output power 550 W, generator
frequency 25 kHz, transducer amplitude 15 μm) at
room temperature in air. Three axially moving strikers
(parts of working tool), working asynchronously, were
pressed to the machined surface at a load of 70 N. The
load and vertical movements of the strikers were pro-
vided by a spring, which was a part of the working tool.
The speed of the machined surface relative to the
working tool was 20 mm/s. A sample was heated to no
more than 50°C during deformation. The USF was
described in detail in [20].

After the deformation treatment, the steel plate
surface was subjected to electron-beam treatment
(EBT) on an ELU-5 unit modernized at the Institute
of Strength Physics and Materials Science, Siberian
Branch, Russian Academy of Sciences, at a residual
pressure of 0.1 Pa [21]. The electron beam was swept in
a line 20-mm long and 0.5-mm wide perpendicular to
the direction of the movement of the plate. The EBT
was performed by moving a high-nitrogen steel plate
relative to the electron beam at a speed of 15 mm/s.
The EBT parameters were as follows: the electron
beam sweep frequency was 200 Hz, the electron beam
current was I = 0.02 A, and the maximum electron
energy was 27 keV. The time of maximum heating of
each point on the surface was about 3.3 × 10–2 s.
After the treatment, the steel was cooled in a vacuum
chamber.

The results of preliminary trial experiments were
taken into account to choose an EBT mode. EBT at a
higher power density of the electron beam melted the
surface and resulted in the formation of a defect-free
structure with an average grain size of the micron scale
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
(1–2 μm), i.e., the structure formed by USF was neu-
tralized. A decrease in the speed of the processed plate
relative to the electron beam had a similar effect on the
surface structure. The treatment at a lower electron
beam power density decreased the thickness of the
layer with the modified structure. This limited the
ability to experimentally investigate the effect of defor-
mation–heat treatment on the structure and mechan-
ical properties (in addition to nanohardness). In addi-
tion, the formation of a layer that is too thin reduces
the potential of this treatment for industrial use to
harden the surface of high-nitrogen steels.

Samples for mechanical tests were cut from the
plate by electrosparking so that only one surface was
subjected to deformation–heat treatment. The gage
part of a sample was 15 mm in length and 2.5 × 1 mm
in cross section. The properties were determined by
testing three samples per point. Tensile mechanical tests
were performed using an INSTRON 5582 (USA) tester
at room temperature and a strain rate of 1.87 × 10–4 s–1

until failure. For comparison, samples after quenching
and ultrasonic treatment were tested under similar
conditions.

The structure of the steel surface layer was exam-
ined by electron backscattered diffraction (EBSD) on
a Quanta 200 3D apparatus. The same apparatus was
used to study fractograms of fractures. Foils for elec-
tron microscopic examinations were cut in the “cross-
section” geometry using a Hitachi FB-2100 focused
ion beam system (Japan). The structure was then
examined using an HT-7700 transmission electron
microscope (TEM; Hitachi, Japan) at an accelerating
voltage of 120 kV.

RESULTS AND DISCUSSION
Structure Examination

The structure of the surface layer after USF is
highly dispersed (Fig. 1a). Nanoscale fragments of
austenite are misoriented relative to each other and
form rings in the electron diffraction pattern (Fig. 1b).
The structure refinement during USF is accompanied
by strain aging, during which CrN nitride with a FCC
lattice forms. Strain aging is one of the factors that
affect the reduction of the austenite lattice parameter
described in [19]. USF-induced severe plastic defor-
mation was shown [22] to result in the formation of
another nitride, Fe2N, which, like CrN, has a larger
lattice parameter compared to that of the austenite lat-
tice. An increase in local static atomic displacements
from the equilibrium positions in the FCC lattice assists
in strain aging. After USF in the directions k100l
23  No. 10  2022
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Fig. 1. The structure of Cr–Mn–N steel after USF treat-
ment: (a) bright-field image and (b) electron diffraction
pattern.
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Fig. 2. (a) An EBSD map of the Cr–Mn–N steel after
deformation–heat treatment (USF + EBT) and (b) mis-
orientation angle distribution of boundaries.
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and k111l, the static displacements reach 4.6 × 10–3

and 2.7 × 10–3 nm, respectively [23]. These displace-
ments form regions of both local tension and local
compression. The stress state [23], high concentra-
tion, and mobility of strain-induced vacancies [24] in
combination with local strain heating promote an
increase in the diffusion mobility of nitrogen atoms
and formation of chemical bonds with Cr and Fe
atoms. Phases with a higher specific lattice volume
than that of austenite (VCrN = 70.855 Å3,  =
135.13 Å3, Vγ = 47.7 Å3) form in the regions of local
tension. The relaxation process in the form of strain
aging, according to [25], continues up to low tempera-
tures. The locally high deformation heating is shown
in [11, 22]. These works show that severe plastic defor-
mation does not result in the formation of ε martensite
with HCP lattice in the surface layer due to direct and
reverse γ → ε → γ transformations, while it forms
under other deformation conditions, such as tension at
room temperature [6].

After deformation–heat treatment, the austenite
nanostructure transforms mainly into a subgrain

2Fe NV
PHYSICS OF METAL
structure with predominantly low-angle boundaries
having misorientations of less than 5° (Fig. 2). Static
atomic displacements from equilibrium positions in the
FCC lattice were observed to decrease to 4.4 × 10–3 and
2.0 × 10–3 nm in the k100l and k111l directions, respec-
tively, compared to the post-USF state [23]. A more
equilibrium structure formation is associated with a
decrease in its defectiveness, as well as with the
decomposition of supersaturated solid solution. Dis-
persion hardening in this structure occurs by a contin-
uous mechanism with the formation of CrN nitrides
with a FCC lattice, and without the formation of Cr2N
(Fig. 3). The size of CrN particle varies from 1 to
10 nm.

It is difficult to distinguish CrN particles from nitrides
with FCC lattices and close interplanar distances when
there are other nitride-forming elements besides chro-
mium in the composition of steels [1, 26, 27]. For com-
parison, CrN, VN, and Mo2N have FCC lattices and
S AND METALLOGRAPHY  Vol. 123  No. 10  2022
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Fig. 3. The structure of the Cr–Mn–N steel after defor-

mation–heat treatment (USF + EBT): (a) electron dif-

fraction pattern with zone axis [01 ]γ and (b) dark-field

image taken in the (220)CrN reflection indicated by the

corresponding ring.

(a)

100 nm

(b)

CrN(220)

CrN(200)

CrN(111)

331γ

131γ

200γ

3

close interplanar distances (2.395, 2.382, 2.406 Å for

plane (111), respectively, 2.074, 2.063, 2.084 Å for

plane (200), etc.). The probability of the formation of

a particular nitride during aging of complex alloy steels

with several nitride forming elements can be estimated

by the energy of their formation and taking into account

the concentration of nitride-forming elements in the

steel. The most reliable results of research on the factors

that determine the formation of CrN particles, but not

Cr2N in high-nitrogen steels are found in [19, 22, 28].

For example, nitrides CrN formed in steel containing

17% Cr, 6.5% Ni, 1.3% Mn, and 0.15% N [19] after

quenching, cold rolling by 63%, and subsequent aging

with heating at a rate of 200 K/s to a temperature of

600°C and short exposure time from 1 to 10 sec and

the same accelerated cooling at a rate of 200 K/s. Our

studies [22], as well as the present work, show that

CrN nitrides can be formed by severe plastic deforma-

tion. Short-term severe heat treatment with an elec-

tron beam after USF increases the volume fraction of

cubic chromium nitrides. According to [28], CrN par-

ticles that are isomorphic to austenite form in steel

containing 18% Cr, 2% Ni, and 0.9% N, without pre-

liminary deformation, but upon quenching and low-

temperature aging at 350°C for 2 h. The authors do not

discuss the effect of steel melting technique and nitro-

gen alloying on the aging mechanism. However, the

high nitrogen content in the steel indicates that the

conditions of steel production were not equilibrium,

i.e., the nitrogen pressure was higher than atmo-

spheric pressure, as in [26, 27]. We believe that this

factor is key in activating aging by a continuous mech-

anism with the formation of CrN, since nitrogen

atoms in a concentration exceeding the equilibrium

one, except in nitrides, cannot exist. CrN particles

seem to already exist in the volume of austenitic grains

after quenching.

In summary, preliminary formation of a defect dis-

location structure that creates conditions for the het-

erogeneous nucleation of CrN particles is a necessary

condition for the precipitation hardening of high-

nitrogen steels with equilibrium nitrogen content.

Another treatment parameter is the thermal condi-

tion. High-temperature, but short-term heating and

high-rate cooling prevent the formation of Cr2N

nitrides and the CrN → Cr2N transformation.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 2. The mechanical properties of Cr–Mn–N steel

Treatment Yield strength σ0.2, MPa Ulti

Quenching 480

Quenching + USF 600

Quenching + USF + EBT 712
Mechanical Properties

Figure 4a shows σ–ε curves for the steel that was
tested in different structural states. The yield strength
of the steel increases and the ultimate tensile strength
remains at the same level after the first stage of defor-
mation–heat treatment (surface USF). A similar
result was achieved when tested at negative tempera-
tures down to –80°C [22]. An increase in the resis-
tance to deformation at the initial stage results in a
decrease in the relative elongation (Table 2). We
23  No. 10  2022

mate tensile strength σu, MPa Relative elonfation ε, %

855 65

890 42

923 25
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Fig. 4. (a) The curves σ–ε and (b) strain rate hardening
rate of Cr–Mn–N steel during tensile tests after
(1) quenching from 1100°С, (2) after quenching and USF,
and (3) after deformation–heat treatment (USF + EBT).
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showed [22] that a sample after USF started to fracture

from a nanostructured surface layer during mechani-

cal tests. Its thickness did not exceed 150 μm. Further,
PHYSICS OF METAL

Fig. 5. Fractograms of the Cr–Mn–N steel subjected to te
(c) deformation–heat treatment (USF + EBT).

20 μm(a) (b)
the deformation develops outside this layer, but defor-
mation is localized under microcrack tops, which
reduces plasticity.

The second stage of the deformation–heat treat-
ment results in an additional increase in both the yield
strength and tensile strength (Fig. 4a, Table 2). A plas-
ticity decrease up to 25% after deformation-heat treat-
ment can be explained by the fact that the heat effect
upon EBT extends not only to the surface layer, but
also to a greater depth, exceeding 150 μm. Aging in this
case takes place across the entire cross-section of the
sample. This can explain both the decrease in plas-
ticity and the increase in the tensile strength (Fig. 4а).

The strain rate hardening of the samples with mod-
ified surface layers at the initial stage of deformation at
ε < 0.03 is higher than that of the quenched samples
(Fig. 4b). However, the deformation hardening in the
samples hardened by USF and USF + EBT proceeds
less intensively than that in the quenched sample with
increasing strain rate ε > 0.03 and up to fracture. This
is also shown by the safety factor of steel K = σu/σ0.2

after quenching, after USF and after USF + EBT,
equal to 1.83, 1.49, and 1.30, respectively.

Fracture Surface

Comparison of fracture fractograms (Fig. 5) shows
that the steel after all deformation-heat treatment
stages fractures in a ductile manner. One can note no
necking in the hardened layer after USF and deforma-
tion-heat treatment, unlike that in the sample after
quenching. This result agrees with the appearance of
the σ–ε curves (Fig. 4), where along with a decrease in
the total strain, a decrease in the localized strain stage
is observed during the transition from one stage of the
deformation–heat treatment to another. The sizes of
dimples in a surface layer fracture after USF and
deformation–heat treatment do not differ signifi-
cantly. The shape of the dimples in both cases is pre-
dominantly equiaxed (Fig. 5c), which indicates tear-
ing fracturing.
S AND METALLOGRAPHY  Vol. 123  No. 10  2022
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CONCLUSIONS

(1) Deformation–heat treatment of Cr–Mn–N
steel in the form of severe plastic deformation by shock
treatment at ultrasonic frequency and subsequent
high-rate heating by scanning electron beam caused
the formation of a subgrain austenite structure in the
surface layer. This structure, which was hardened by
CrN nanoparticles with the FCC lattice, was charac-
terized mainly by low-angle misorientations up to 5°.
Austenite decomposition occurs by a continuous
mechanism with heterogeneous precipitation of CrN
particles.

(2) The deformation–heat treatment improves the
strength properties of the steel, namely, σ0.2 increases

to 712 MPa and σu increases to 923 MPa at a plasticity

of 25%.

(3) The surface layer of the investigated steel, which
contains CrN nitrides, fractures in a tearing and duc-
tile manner after a two-stage deformation-heat treat-
ment, inheriting the shape and size of dimples from
the previous deformation treatment.
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